Mitochondrial quality control and homeostasis is ensured by removal of the damaged 14 mitochondria involving lysosomal and proteasomal degradation mechanisms. Though 15 much remains to be elucidated, recent findings suggest important roles for endosomal 16 machinery in the elimination of damaged mitochondria. In this study, we report a novel 17 function for a FYVE-like domain containing endosomal ubiquitin ligase, CARP2 in 18 mitophagy. Our results show that endosomal CARP2 associates with damaged 19 mitochondria, and this association precedes that of Parkin, whose recruitment is known 20 to be essential for mitochondrial clearance. Association of Parkin to damaged 21 mitochondria was substantially reduced in CARP2 KO cells upon CCCP treatment. We 22 also demonstrate that Mitofusin-2 degradation, which is a prerequisite for Parkin 23 recruitment during damage, was inhibited in CARP2-deficient cells. Hence, we conclude 24 that endosomal-associated CARP2 facilitates mitophagy by regulating Parkin recruitment 25 and activation by targeting Mitofusin-2. Our study proposes a model on how 26 heterogenous endocytic machinery can interact with damaged mitochondria and unravel 27 a new mechanism for mitochondrial clearance. 28 29 30 31 32 33 Stringent quality control mechanisms ensure organelle and cellular homeostasis. 34 Signaling pathways that regulate mitochondrial quality and function are believed to play 35 critical roles in diverse physiological processes including cell survival and their 36 dysregulation results in the development of numerous pathological conditions like 37 neurological disorders, cancer and myopathies (Arun, Liu and Donmez, 2015; Ahuja, 38 2018; Porporato et al., 2018). Autophagy is a conserved intracellular catabolic process in 39 which cytoplasmic contents, including damaged mitochondria, are sequestered in double-40 membrane autophagosomes and delivered to the lysosomal compartment for 41 degradation (Dikic, 2017). Selective elimination of dysfunctional and damaged 42 mitochondria involving autophagic machinery and lysosomes is known as mitophagy 43 (Montava-Garriga and Ganley, 2020). 44 Though cells can employ various other cellular tools like ESCRT machinery (Hammerling 45 et al., 2017), MDVs (Mitochondrial Derived Vesicles) (Sugiura et al., 2014; McLelland et 46 al., 2016) etc., to remove mitochondrial contents, mitophagy mediated by PINK1/Parkin 47 is relatively well studied (Narendra et al., 2008 (Narendra et al., , 2010 Durcan and Fon, 2015). In 48 depolarized mitochondria, PINK1 accumulated on the outer mitochondrial membrane 49 phosphorylates Parkin which in turn pleiotropically ubiquitinates Mfn2 resulting in its 50 degradation. Mfn2 degradation mediated by Parkin is believed to be a critical step in 51 Parkin stabilization and mitophagy, as Mfn2 regulates physical attachment of 52 mitochondria to ER. Many details of the sequence of events involved in Parkin 53 recruitment, stabilization and identity of proteins are not available. 54 Recent reports, however, suggested a role for endosomes and endosomal proteins in 55 mitochondrial clearance. Crosstalk of endosomal related proteins RABGEF1, Rab5, 56 MON1/CCZ1 complex and Rab7A result in Atg9A vesicle recruitment to autophagosome 57 formation site (Yamano et al., 2018). Moreover, Rab5 positive endosomes have been 58 implicated in the elimination of damaged mitochondria via the ESCRT complex 59 machinery, and contribute to cytoprotective roles against oxidative stress (Hammerling et 60 al. Hsu et al., 2018). It has also been proposed that Rab11A endosomes enable 61 autophagy of damaged mitochondria (Puri et al., 2018) . How endosomes influence the 62 3 mitochondrial quality and the crosstalk between the endosomal machinery and the above 63 molecules that are known to be critical for mitophagy, remain to be elucidated. 64 CARP2 (Caspase-8-and -10-associated RING Protein 2) is one of the two RING and 65 FYVE-like domain-containing proteins in the human genome. While the RING domain 66 confers ubiquitin ligase activity, the FYVE-like motif along with its N-terminal sequence is 67 reported to associate with phospholipids like phosphatidylinositol 3-phosphate (McDonald   68 
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and El-Deiry, 2004). Interestingly, CARP2-positive vesicles are also reported to be 69 positive for Rab5, Rab7, Rab9, Rab11 and Lamp1 markers of diverse endocytic vesicles 70 (Coumailleau et al., 2004; Liao et al., 2008; Okiyoneda et al., 2018) . In this study, we 71 report that CARP2-positive vesicles associate with damaged mitochondria. CARP2 72 targets, in an ubiquitin ligase-dependent manner, Mfn2 for degradation; and contribute to 73 mitochondrial elimination by facilitating Parkin recruitment and stabilization. 74 
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Endosomal ubiquitin ligase CARP2 associates with damaged mitochondria 77 Because the endosomal machinery has been shown to contribute to mitophagy, we 78 investigated the role of CARP2 positive endosomes in mitochondrial elimination. As a first 79 step, we monitored the association between CARP2 endosomes and damaged 80 mitochondria using confocal microscopy of A549 lung carcinoma cells stably expressing 81 CARP2-EGFP. In these cells, mitochondria were stained with MitoTracker Red CMXRos. 82 As expected, in cells treated with DMSO, CARP2-EGFP was primarily localized to 83 intracellular vesicles, which were reported to be positive for various known endosomal 84 markers [ Figure 1A , (Okiyoneda et al., 2018) ]. In these cells, mitochondria appeared 85 mostly as filamentous structures with minimal association with CARP2 vesicles. However, 86 mitochondria in cells treated with the mitochondrial uncoupler CCCP, were found to be 87 fragmented as expected, with some being surrounded by CARP2 vesicles ( Figure 1A) . 88 Line scan analysis demonstrated clear encircling of damaged mitochondria by CARP2 89 ( Figure 1B) , with nearly 60% of the live cells showing positive-association between these 90 organelles within 25 min of treatment ( Figure 1C ). Pearson coefficient analysis also 91 showed a positive correlation in CCCP treated cells compared with untreated cells (Figure 92 1D). Another mitochondrial uncoupler commonly used is valinomycin. Results from cells 93 4 treated with valinomycin also showed a similar association that was observed in cells 94 treated with CCCP ( Figure S1 ). 95 The association of CARP2 vesicles with damaged mitochondria was further analyzed by 96 super-resolution imaging [Structured Illumination Microscopy (SIM)] in cells stably 97 expressing EBFP2-Mito-7 and CARP2-mRFP ( Figure 1E ). The encirclement of damaged 98 mitochondria by CARP2 positive vesicles was also noted in 3D super-resolution SIM 99 images ( Figure 1F and Movie1). 100 We examined the dynamics of association between endosomes and damaged 101 mitochondria. Time-lapse live imaging analysis of cells stably expressing CARP2-EGFP 102 and stained with MitoTracker Red CMXRos, over a period of 12 min revealed formation 103 of protrusions of GFP positive structures from CARP2 vesicles towards damaged 104 mitochondria (Figure 2A , Movie 2), which transiently hover around mitochondria. To 105 further understand this process we have used photobleaching strategy. A549 cells stably 106 expressing CARP2-EGFP were exposed to bleaching using 488nm Argon laser at a 107 region of Interest, consisting of CARP2-positive mitochondria. Immediately after 108 bleaching, the movement of CARP2 vesicles (green) in the vicinity of damaged 109 mitochondria (red) was monitored for a period of 2 min. As early as 41 seconds after 110 photobleaching, movement of GFP-positive structures from the surrounding area of the 111 bleached region towards the damaged mitochondria was noted ( Figure 2B Figure 2C ). To understand the role of these domains 119 on the association of CARP2 with damaged mitochondria, we have generated CARP2 120 KO A549 cells using CRISPR-Cas9 system and these cells were reconstituted with EGFP 121 tagged CARP2 variants. These reconstituted cells were stained with MitoTracker Red To assess the functional consequence of CARP2 association with damaged mitochondria 142 in terms of reduction of mitochondrial specific proteins, cells stably expressing CARP2 143 without tag or mRFP tagged were generated in A549 and U2OS, respectively. To 144 measure mitochondrial clearance, we monitored levels of two mitochondrial proteins, 145 TIMM23, an inner mitochondrial membrane (IMM) protein, and Complex III core I 146 (COMIII), IMM/matrix protein (Yoshii et al., 2011; Klionsky et al., 2016) in CARP2 stably 147 expressing cells with or without CCCP treatment. 148 Consistent with the association of CARP2 with damaged mitochondria, a notable 149 reduction in both COMIII and TIMM23 protein levels were observed in CARP2 stably 150 expressing cells compared to control cells upon CCCP treatment ( Figure 3A ). 151 Quantification of the intensity of the bands relative to tubulin showed a significant 152 reduction of both proteins, suggesting that CARP2 contributes to the elimination of 153 damaged mitochondria ( Figure 3B ). To investigate whether CARP2-mediated reduction 154 in mitochondrial protein levels require its ubiquitin ligase activity, we have compared 155 6 reduction in the levels of both these proteins in A549 cells stably expressing either CARP2 156 WT or H333A mutant (ubiquitin ligase inactive mutant). The reduction in the levels of 157 COMIII and TIMM23 was comparatively less in H333A variant than WT CARP2 stably 158 expressing cells, indicating the requirement of ubiquitin ligase activity in the elimination 159 of mitochondrial proteins ( Figure S2A ). 160 To understand the functions of CARP2 vs. Parkin in mitophagy, we monitored the levels Figure 5B ). Because 208 mitochondrial association of Parkin is required for the removal of this organelle, we 209 measured the levels of COMIII and TIMM23 in CARP2 KO or ATG5 KO background. The 210 levels of both these proteins were much higher in CARP2 KO cells than in WT control 211 cells, suggesting that the inability of Parkin to localize to mitochondria affected their 212 elimination ( Figure 5C , D). In ATG5 KO cells also similar levels of these proteins were 213 observed. These results collectively demonstrate that CARP2 function is essential for 214 Parkin recruitment to the damaged mitochondria and its subsequent elimination. field is still in its infancy with most of the molecular details of the functional cross-talk 257 between the endocytic system and mitochondria waiting to be unravelled. In this report, 258 we provide evidence for a novel mechanism ( Figure 6E ), that explains the endosomal 259 regulation of mitophagy. Our investigations showed that an endosomal associated 260 ubiquitin ligase CARP2 targets Mfn2, an ER-mitochondria tethering protein, whose to be a critical step for mitophagy ( Figure 6C ). From these results, we conclude that 268 CARP2 modulates Parkin recruitment to damaged mitochondria by targeting Mfn2. Given 269 the reports that ER-mitochondria contact via Mitofusin-2 precludes Parkin recruitment to 270 mitochondria, it would be interesting to study this association in CARP2 KO cells. 271 Our evidence suggests that CARP2 associated endosomes somehow sense The bar graph shows normalized band intensity of COMIII or TIMM23 to Tubulin. 374 Normalized DMSO values were set to 1. Error bars represent mean ± SD from three 375 independent experiments. Statistical significance was calculated using two-tailed 376 unpaired t-test. p = 0.025 for TIMM23 and p = 0.0184 for COMIII. 
